Nociceptive receptors enable animals to sense tissue-damaging stimuli, thus playing crucial roles in survival. Due to evolutionary diversification, responses of nociceptive receptors to specific stimuli can vary among species. Multispecies functional comparisons of nociceptive receptors help elucidate their evolutionary process and molecular basis for activation. The transient receptor potential ankyrin 1 (TRPA1) ion channel serves as a nociceptive receptor for chemical and thermal stimuli that is heat-activated in reptiles and frogs while potentially cold-activated in rodents. Here, we characterized channel properties of avian TRPA1 in chicken. Chicken TRPA1 was activated by noxious chemicals that also activate TRPA1 in other vertebrates. Regarding thermal sensitivity, chicken TRPA1 was activated by heat stimulation, but not cold, thus thermal sensitivity of avian TRPA1 does not coincide with rodent TRPA1, although both are homeotherms. Furthermore, in chicken sensory neurons, TRPA1 was highly coexpressed with TRPV1, another nociceptive heat and chemical receptor, similar to mammals and frogs. These results suggest that TRPA1 acted as a noxious chemical and heat receptor, and was coexpressed with TRPV1 in the ancestral terrestrial vertebrate. The acquisition of TRPV1 as a novel heat receptor in the ancestral terrestrial vertebrate is likely to have affected the functional evolution of TRPA1 regarding thermal sensitivity and led to the diversification among diverse vertebrate species. Additionally, we found for the first time that chicken TRPA1 is activated by methyl anthranilate (MA) and its structurally related chemicals used as nonlethal bird repellents. MA-induced responses were abolished by a TRPA1 antagonist in somatosensory neurons, indicating that TRPA1 acts as a MA receptor in chicken. Furthermore, TRPA1 responses to MA varied among five diverse vertebrate species. Utilizing species diversity and mutagenesis experiments, three amino acids were identified as critical residues for MA-induced activation of chicken TRPA1.
Introduction
Pain sensation is evoked by noxious thermal, mechanical, and chemical stimuli and enables animals to avoid such stimuli that may cause tissue damage. Nociceptive receptors are key molecules for transducing noxious stimuli into electrical signals within sensory neurons; thus, the functional properties of nociceptive receptors partly define the type (or strength) of stimuli that are perceived as noxious. Chemicals that activate nociceptive receptors are used as repellents to control pest animals such as birds and rodents, because their activation evokes avoidance behaviors in animals. Avoidance behaviors toward a specific stimulus can be different among species due to the functional diversity of nociceptive receptors; these species differences have been used to understand the molecular determinants of the nociceptive receptors. For example, capsaicin, a chemical compound contained in chili peppers, is a noxious chemical that strongly deters mammals such as humans and rodents. Capsaicin activates an ion channel called transient receptor potential vanilloid 1 (TRPV1) that is also activated by noxious heat. It is expressed in sensory neurons such as the trigeminal ganglion (TG) and dorsal root ganglion (DRG) neurons in humans and rodents (Caterina et al. 1997; Hayes et al. 2000) . However, in rabbit, western clawed frog, and chicken, capsaicin sensitivity of TRPV1 is considerably lower. These species differences were used to understand the molecular basis of TRPV1 capsaicin sensitivity, and specific amino acids that contribute to these functional differences have been identified (Jordt and Julius 2002; Gavva et al. 2004; Ohkita et al. 2012) .
Methyl anthranilate (MA), a naturally occurring chemical found in Concord grape, is a nonlethal bird repellent widely used for agricultural and industrial purposes (Mason et al. 1989; Wang and De Luca 2005) . MA is also reported to repel rodents (Nolte et al. 1993) . In birds, MA is detected by both olfactory and TG neurons; however, the molecular identity of its receptor has not been identified (Mason et al. 1989) . Previous studies have shown that TG neurons likely play a major role in the aversive effect of MA in European starlings (Mason et al. 1989) , and the application of MA could activate primary cultured TG neurons from chicken (Kirifides et al. 2004) .
In addition to TRPV1, the TRP superfamily contains several temperature-sensitive channels that are called "thermoTRP" (Patapoutian et al. 2003; Bandell et al. 2007) . Each thermoTRP has a distinctive temperature range for activation, which enables animals to precisely sense ambient and body temperature. ThermoTRP channels are not only activated by thermal stimuli but are also activated by other physical and chemical stimuli. Some of the thermoTRP channels are expressed in sensory neurons such as DRG and TG neurons, and their activation triggers the excitation of sensory neurons. Because excessive cold and hot temperatures elicit pain sensation, thermoTRP channels that are activated by noxious cold or heat, such as TRPV1, serve as nociceptive receptors. TRP ankyrin 1 (TRPA1) is another nociceptive receptor and is coexpressed with TRPV1 in sensory neurons of rodents and western clawed frog Nilius et al. 2012; Saito et al. 2012) . TRPA1 is activated by a noxious range of thermal and chemical stimuli in diverse animal species (Prober et al. 2008; Gracheva et al. 2010; Kang et al. 2010; Nilius et al. 2012; Saito et al. 2012) . In mammals, TRPA1 is activated by noxious chemicals that are contained in plants such as allyl isothiocyanate (AITC), cinnamaldehyde (CA), and carvacrol that are found in wasabi, cinnamon, and oregano, respectively (Bandell et al. 2004; Jordt et al. 2004; Xu et al. 2006) . TRPA1 is also activated by environmental irritants such as acrolein and formalin McNamara et al. 2007 ). However, although rodent TRPA1 has been reported to be activated by noxious cold, thermal sensitivity of rodent TRPA1 is still under intensive debate Bandell et al. 2004; Jordt et al. 2004; Dhaka et al. 2006; Bandell et al. 2007; Karashima et al. 2009 ). To understand the functional diversity of TRPA1, its channel properties have been characterized in several diverse vertebrate species such as reptiles, amphibians, and teleost fishes. In all cases, TRPA1 was activated by noxious chemicals. By contrast, TRPA1 thermal sensitivities vary widely among species. In reptiles and western clawed frog (Xenopus tropicalis), TRPA1 is activated by warmth or heat, while zebrafish (Danio rerio) TRPA1 is insensitive to thermal stimuli (Prober et al. 2008; Gracheva et al. 2010; Saito et al. 2012) .
The functional characterization of nociceptive receptors such as TRPA1 helps to elucidate the molecular mechanisms of nociception and supplies useful information for controlling pest animals such as birds. However, although bird damage remains a considerable problem in agriculture (Mason et al. 1992) , avian TRPA1 has yet to be characterized. In addition, information on avian TRPA1 channel properties can contribute to our understanding of the functional evolution of TRPA1, such as whether its thermal sensitivity was altered during the acquisition of homeothermy in birds and mammals. Thus, we cloned TRPA1 from chicken (Gallus gallus domesticus) and characterized its channel properties. Chicken TRPA1 was activated by noxious chemicals that activate TRPA1 in other vertebrates. It was also activated by heat stimulation, thus sharing similar thermal properties with frog and reptilian TRPA1 rather than mammalian TRPA1. In addition, we identified for the first time that MA can activate chicken TRPA1. The MA-induced activity of TRPA1 varied among diverse vertebrate species, and we identified three key amino acid residues involved in TRPA1 activation by MA utilizing species diversity and mutagenesis experiments.
Results

Chemical and Temperature Sensitivity of Chicken TRPA1
Cloned chicken TRPA1 consisted of 1,126 amino acid residues and exhibited 64%, 65%, 82%, 63%, 52%, and 49% amino acid sequence similarity with human (Homo sapiens) TRPA1, mouse (Mus musculus) TRPA1, green anole (Anolis carolinensis) TRPA1, western clawed frog TRPA1, zebrafish TRPA1a, and zebrafish TRPA1b, respectively. To begin functional characterization, the chemical sensitivity of chicken TRPA1 to known TRPA1 agonists was examined. Chicken TRPA1 was activated by CA, a reactive chemical that acts through covalent modification of cysteine residues, in a dose-dependent manner when expressed in X. laevis oocytes or HEK293 cells (the half maximal effective concentration [EC 50 ] was 0.08 ± 0.02 mM in HEK293 cells; fig. 1A-D) . CA sensitivity of TRPA1 was lower in X. laevis oocytes than in HEK293 cells. Channels expressed in X. laevis oocytes tend to exhibit lower chemical sensitivity when compared with channels expressed in HEK293 cells (Ohkita et al. 2012; Saito et al. 2012) . Chicken TRPA1 was also activated by several other TRPA1 agonists such as AITC, acrolein, carvacrol, and 2-aminoethoxydiphenyl borate (2-APB; fig. 1E -H), thus chemical activity of chicken TRPA1 is generally similar to that of TRPA1 in other vertebrates.
Next, chicken TRPA1 thermal sensitivity was examined. Although TRPA1 was reported to be activated by cold stimulation in rodents Bandell et al. 2004; Kwan et al. 2006; Karashima et al. 2009 ), it has recently been reported to be activated by high temperatures in reptiles and amphibians (Gracheva et al. 2010; Saito et al. 2012 ). Xenopus laevis oocytes or HEK293 cells expressing chicken TRPA1 elicited clear responses when stimulated with heat, but not cold ( fig. 2A and B) . Heat-and CA-evoked currents from X. laevis oocytes expressing chicken TRPA1 exhibited clear outward rectification ( fig. 2C ) characteristic of TRPA1 channels. To rule out the possibility that cold prestimulation is required for heat activation of chicken TRPA1, heat stimulation was applied to naïve cells expressing chicken TRPA1. The response to heat stimulation could still be observed when applied without cold prestimulation in X. laevis oocytes or HEK293 cells ( fig. 2D, inset; supplementary fig. S1A , Supplementary Material online). Chicken TRPA1 showed clear desensitization to repeated heat stimulation ( fig. 2A and D) , similar to the 709 Chicken TRPA1 Senses Heat and Bird Repellents . doi:10.1093/molbev/msu001 MBE properties observed in TRPA1 of western clawed frog and green anole . In X. laevis oocytes, the average temperature threshold for activation of chicken TRPA1 was 39.4 ± 1.1 C (n = 12) when calculated with an Arrhenius plot ( fig. 2D ). This temperature threshold for activation of chicken TRPA1 was slightly lower than the normal chicken core body temperature (41-42 C); however, chicken skin temperatures are normally maintained around 39 C (Rozenboim et al. 1998; Lin et al. 2005) . Furthermore, chickens are homeothermic animals, thus the steep temperature ramp (from room temperature to around 44 C; fig. 2A , B, and D) is not a physiological stimulus. To mimic physiological conditions, the temperature was first gradually increased up to about 40 C and kept for 30-60 s, then the temperature was rapidly raised by several degrees ( fig. 2E , lower trace). Under these conditions, only a small sustained current was elicited at 40 C, while the current amplitude steeply increased during the temperature ramp several degrees above 40 C ( fig. 2E ). No response was observed when the same temperature stimulation protocol was applied to X. laevis oocytes injected with water (supplementary fig. S1B , Supplementary Material online). These observations may indicate that chicken TRPA1 acts as a heat receptor that senses temperature increases slightly above body temperature.
To verify that the responses of cells transfected with chicken TRPA1 were actually elicited via the TRPA1 channel, the effect of inhibitors was examined. First, ruthenium red, a broad TRP channel blocker, was concomitantly applied with CA (supplementary fig. S2A , Supplementary Material online). Ruthenium red suppressed the responses elicited by CA in HEK293 cells expressing chicken TRPA1. Similarly, it also suppressed the responses elicited by heat stimulation in HEK293 cells or X. laevis oocytes expressing TRPA1 (supplementary fig.  S2B and C, Supplementary Material online). Next, the effect of HC-030031, a mammalian TRPA1 antagonist (McNamara et al. 2007) , was examined. HC-030031 suppressed the responses elicited by CA or heat stimulation in both X. laevis oocytes and HEK293 cells expressing chicken TRPA1 (fig. 3) . . Each data point represents the mean ± SEM (n = 31-49). Representative current traces for AITC (E), acrolein (F), carvacrol (G), and 2-APB (H) stimulation in X. laevis oocytes injected with chicken TRPA1 cRNA (AITC, n = 5; acrolein, n = 4; carvacrol, n = 5; 2-APB, n = 5).
These results indicate that chicken TRPA1 is activated by noxious chemical and heat stimulation in vitro.
Chicken TRPA1 Is Activated by Bird Repellent MA and Structurally Related Chemicals Because TRPA1 acts as a nociceptive receptor, we examined whether chemicals that irritate the TG neurons of birds, such as MA, will activate chicken TRPA1. Application of MA to HEK293 cells or X. laevis oocytes expressing chicken TRPA1 evoked clear responses in a dose-dependent manner (the EC 50 was 0.10 ± 0.02 mM in HEK293 cells; fig. 4A -C). Dimethyl anthranilate (DMA) and 2 0 -aminoacetophenone (2 0 -AAP), bird repellents that are structurally related to MA (Mason et al. 1989; , also evoked clear responses when applied to X. laevis oocytes expressing chicken TRPA1, while veratrylamine, structurally related to capsaicin, did not ( fig. 4D-F; supplementary fig. S3A , Supplementary Material online) (Mason, Bean, et al. 1991) . MA, DMA, and 2 0 -AAP did not evoke any response in X. laevis oocytes injected with water (supplementary fig. S3B -D, Supplementary Material online). The responses to MA were almost completely inhibited by HC-030031 in both expression systems using X. laevis oocytes and HEK293 cells, demonstrating that the responses were caused by the activation of chicken TRPA1 ( fig. 4G-I ). We also examined the effect of MA on TRPV1, another nociceptive receptor expressed in sensory neurons, because some TRPA1 agonists also activate TRPV1 (Bandell et al. 2004) . Chicken TRPV1 was not activated by MA, although it was activated by acid and capsaicin stimulation ( fig. 5 ), similar to mammalian and western clawed frog TRPV1 (Caterina et al. 1997; Ohkita et al. 2012) .
Next, to further examine the physiological roles of TRPA1 in chicken, we examined channel properties in chicken DRG neurons. Primary cultured DRG neurons were prepared and CA was applied. Intracellular calcium concentrations ([Ca 2 + ] i ) were increased by CA stimulation in a dose-dependent manner in chicken DRG neurons ( fig. 6A and B) . The EC 50 was 0.135 ± 0.01 mM similar to that in HEK293 cells expressing chicken TRPA1 (figs. 1D and 6B). The activation by CA was suppressed by concomitant application of HC-030031 ( fig. 6C ) or ruthenium red (supplementary fig. S4 , Supplementary Material online), suggesting that TRPA1 serves as a receptor for CA in chicken sensory neurons. We then examined MA sensitivity of chicken DRG neurons. The application of MA increased [Ca 2 + ] i in chicken DRG neurons in a dose-dependent manner ( fig. 6D and E) . The EC 50 was 
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Chicken TRPA1 Senses Heat and Bird Repellents . doi:10.1093/molbev/msu001 MBE 0.14 ± 0.01 mM, which was similar to the value obtained from MA stimulation of TG neurons in a previous study (Kirifides et al. 2004) and the values obtained from the HEK293 expression system (figs. 4B and 6E). In addition, HC-030031 completely inhibited the MA-induced increase in [Ca 2 + ] i ( fig. 6F ). These results indicate that chicken TRPA1 acts as a sole MA receptor in DRG neurons.
Diversity in MA-Induced Activation of TRPA1 among Vertebrate Species MA acts as a repellent not only to birds but also to rodents (Nolte et al. 1993 ). Thus, we examined the effects of MA stimulation on TRPA1 among diverse vertebrate species such as human, mouse, green anole, and western clawed frog. To compare the TRPA1 current amplitudes elicited by MA among different vertebrate species, the same amount of TRPA1 cRNA (50 ng/ml) from each vertebrate species was injected into X. laevis oocytes prepared from the same frog, and ionic currents were recorded 4 days postinjection for each experiment. Results demonstrated that the MA-induced responses of TRPA1 varied among five vertebrate species ( fig. 7A -E and G). TRPA1 of human, mouse, and chicken exhibited clear responses from lower concentrations; however, green anole and western clawed frog TRPA1 exhibited only weak responses even at higher concentrations. Because CA elicited substantial currents in X. laevis oocytes expressing green anole or western clawed frog TRPA1, the low-level activation of TRPA1 by MA in these two species is not due to weak expression of TRPA1 ( fig. 7C and D) . Among human, mouse, and chicken, activation of TRPA1 by MA was higher for the former two species than that of chicken TRPA1. Mammals and birds are homeothermic animals; thus, TRPA1 is physiologically maintained near body temperature (36-37 C for human and mouse, and 41-42 C for chicken). By contrast, the above experiment was performed at room temperature. Because chicken TRPA1 is a heat-sensitive channel ( fig. 2 ), while human TRPA1 is not directly activated by heat (Cordero-Morales et al. 2011) , it is possible that TRPA1 activation by MA differs near physiological temperatures. To examine this, experimental conditions were kept at subphysiological temperatures (33-38 C for human TRPA1 and 35-40 C for chicken TRPA1) and different concentrations of MA were applied to X. laevis oocytes expressing TRPA1 ( fig. 7F and 7H ). The MA-induced activity of human TRPA1 was similar at room temperature (25-27 C) and subphysiological temperatures, while that of chicken TRPA1 was considerably increased at subphysiological temperatures when compared with that at room temperature. Notably, at subphysiological temperatures, low concentrations of MA induced larger currents from chicken TRPA1 than human TRPA1. The increased activity induced by MA at subphysiological temperatures was also observed in chicken DRG neurons ( fig. 7I) We attempted to identify the amino acid residues that are involved in the MA-induced activation of TRPA1 by utilizing species diversity. First, candidate amino acids were screened according to differences in the MA activation of TRPA1 among species. The positions at which amino acids are the same or similar (in property) among chicken, human, and mouse TRPA1 but different in green anole and western clawed frog TRPA1 are potential sites involved in MA-induced activation ( fig. 8A and B (B) . Each data point represents the mean ± SEM (n = 34-53). (C) A dose-response for the activation of chicken TRPA1 by MA in X. laevis oocytes expressing chicken TRPA1. Currents were normalized to the values at 8 mM. Each data point represents the mean ± SEM (n = 6 for 2.7 mM and n = 16 for remaining concentrations). (D) A representative current trace for DMA-and MA-evoked responses in X. laevis oocytes injected with chicken TRPA1 cRNA (n = 5). A representative current trace for 2 0 -AAP-evoked responses in X. laevis oocytes injected with chicken TRPA1 cRNA (E) and its dose-response curve (F). Currents were normalized to the values at 5 mM. Each data point represents the mean ± SEM (n = 4-12). The EC 50 was 0.88 ± 0.04 mM. HC-030031 inhibited MAevoked responses of chicken TRPA1. (G) The MA-induced current was inhibited by HC-030031 even in the presence of MA in X. laevis oocytes injected with chicken TRPA1 cRNA (n = 5). (H) HC-030031 inhibited the increase in [Ca 2 + ] i elicited by MA application in HEK293 cells transfected with the pVenus-NLS vector containing chicken TRPA1. Each bar represents application of MA (S1, S2, and S3), and HC-030031 was applied before, during, and after the second application of MA (S2). (I) Quantification of [Ca 2 + ] i at S1, S2, and S3 in (H) (n = 32). **P < 0.01.
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Chicken TRPA1 Senses Heat and Bird Repellents . doi:10.1093/molbev/msu001 MBE in the candidate positions were constructed, and channel activity during exposure to high concentrations of MA was examined at room temperature ( fig. 8C ). Chicken TRPA1 mutants whose responses to MA were less than that of wild-type TRPA1 were screened, because western clawed frog TRPA1 showed reduced activity to MA. The average current amplitudes for chicken TRPA1 mutants elicited by 4 or 8 mM MA were normalized to those of wild-type chicken TRPA1 ( fig. 8C ). The MA-induced activation of chicken TRPA1 T603V (threonine in position 603 of chicken TRPA1 is mutated to valine) and chicken TRPA1 P627A was relatively small among single and double mutants. Because these two residues are closely located, we constructed an additional double mutant chicken TRPA1 T603V/P627A (amino acids at position 603 and 627 are mutated in this mutant) to examine the synergistic effect of these mutations. This mutant showed further reduction in the MA-induced activation when compared with each single mutant (T603V or P627A). Mutation of R596, which is closely located to T603 and P627, also caused a slight reduction in the MA-induced activation (8 mM). Therefore, we also examined the synergistic effect of R596G mutation with T603V and/or P627A. Chicken TRPA1 R596G/P627A and chicken TRPA1 R596G/ T603V/P627A exhibited a substantial reduction in the MAinduced activation when compared with all mutants examined ( fig. 8C ). Chicken TRPA1 R723K/G730A and chicken TRPA1 747V/G749E also showed a reduction in the MA-induced activation; however, the extent of these reductions was small, even though they possessed a double mutation. Because R596, T603, and P627 in chicken TRPA1 are likely to be involved in the activation by MA, we further examined the detailed properties of chicken TRPA1 R596G/ T603V/P627A along with chicken TRPA1 P627A and chicken TRPA1 R596G/T603V. The current amplitudes elicited by chicken TRPA1 P627A and chicken TRPA1 R596G/T603V were smaller than that of wild-type chicken TRPA1 at various concentrations of MA ( fig. 8D ). Furthermore, chicken TRPA1 R596G/T603V/P627A exhibited a significant reduction in current amplitudes at high concentrations of MA (4 and 8 mM) when compared with wild-type chicken TRPA1 ( fig. 8D ).
To examine the effects of these mutations on other chemical responses, we compared the relative current amplitudes between MA and CA. CA is known to activate TRPA1 via covalent modification of several cysteine residues located in the linker region connecting the ankyrin repeat and putative transmembrane domains ( fig. 8A; supplementary fig. S5 , Supplementary Material online) and is likely to have a different activation mechanism from MA (Hinman et al. 2006; Macpherson et al. 2007 ). To examine this, MA (8 mM), then CA (0.5 mM), was applied to oocytes expressing wildtype and mutant chicken TRPA1. The average current amplitudes evoked by CA were similar among chicken TRPA1 R596G/T603V, chicken TRPA1 R596G/T603V/P627A, and wild-type chicken TRPA1 (30.6 ± 4.1 mA for the double mutant, n = 12; 19.5 ± 2.7 mA for the triple mutant, n = 13; 20.8 ± 3.0 mA for wild type, n = 13; fig. 8E and F) . Thus, the current amplitude evoked by MA was normalized to that evoked by CA. The normalized currents elicited by MA were reduced in chicken TRPA1 R596G/T603V and significantly less in chicken TRPA1 R596G/T603V/P627A compared with wild-type chicken TRPA1 ( fig. 8G ). These results suggest that R596, T603, and P627 are involved in the MA-induced but not CA-induced activation of chicken TRPA1.
We also examined whether mutations that lowered the MA-induced activation of chicken TRPA1 would confer increased MA-induced activation when reverse mutations were introduced into western clawed frog or green anole TRPA1. Reverse mutations were introduced into western clawed frog TRPA1 at the corresponding positions (G597R, V604T, and A627P). Western clawed frog TRPA1 A627P, G597R/V604T, and G597R/V604T/A627P did not exhibit increased activity toward MA (supplementary fig. S6A , Supplementary Material online). Because chicken TRPA1 R723K/G730A and 747V/ G749E showed slight effects in the MA-induced activation, we further added the corresponding reverse mutations into western clawed frog TRPA1. However, western clawed frog TRPA1 G597R/V604T/A627P/K723R/A730G and G597R/ V604T/A627P/K723R/A730G/V747/E750G did not exhibit increased MA-induced activation (supplementary fig. S6B , Supplementary Material online). We also introduced corresponding mutations into green anole TRPA1 (A625P, G594R/ A601T, and G594R/A601T/A625P). Similarly, none of these Coexpression of TRPA1 and TRPV1 in Chicken DRG Neurons TRPA1 is coexpressed with TRPV1 in DRG neurons of mouse as well as western clawed frog Saito et al. 2012) . To assess whether this coexpression is also maintained in chickens, we examined the functional expression of TRPA1 and TRPV1 in chicken DRG neurons. Previously, chicken TRPV1 was reported to be insensitive to capsaicin when expressed in X. laevis oocytes (Jordt and Julius 2002) ; however, chemical sensitivity is lowered when channels are expressed in X. laevis oocytes compared with HEK293 cells (Ohkita et al. 2012; Saito et al. 2012) . In the present study, we showed that chicken TRPV1 was clearly activated by a high concentration of capsaicin (0.3 mM) when expressed in HEK293 cells ( fig. 5 ), indicating that chicken TRPA1 has the potential to respond to capsaicin. Furthermore, a previous study also showed that TG neurons responded to high concentrations of capsaicin (Kirifides et al. 2004 ). Thus, capsaicin was used to assess the functional expression of TRPV1 in DRG neurons. First, heat stimulation was applied to chicken DRG neurons, then capsaicin and CA were sequentially applied, and the responses were monitored in each DRG neuron ( fig. 9A ). In this experiment, 71 out of 280 DRG neurons were sensitive to heat stimulation ( fig. 9B ). Among these heat-sensitive DRG neurons, 57 neurons responded to both capsaicin and CA and 14 neurons responded only to CA. Thus, about 80% of the heatsensitive DRG neurons expressed both TRPA1 and TRPV1. Although chicken TRPV1 clearly responded to a high concentration of capsaicin in HEK293 cells, the activation of DRG neurons by capsaicin could also be elicited via receptors other than TRPV1. Therefore, we further confirmed the functional expression of TRPA1 and TRPV1 using CA and acid (that also activates chicken TRPV1; fig. 5 ) stimulation. About 84% of the heat-sensitive DRG neurons responded to both acid and CA stimulation (supplementary fig. S7 , Supplementary Material online). The averaged temperature threshold for [Ca 2 + ] i increases in chick DRG neurons that responded to CA alone was 37.9 ± 0.46 C ( fig. 9C , n = 5 from five individuals), similar to the activation temperature threshold of heterologously expressed TRPA1, suggesting that TRPA1 acts as a heat receptor in native DRG neurons in chickens.
Discussion
Here we characterized the functional properties of chicken TRPA1 and identified that it is activated by noxious chemicals as well as heat stimulation ( figs. 1 and 2) . TRPA1 was first 
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Chicken TRPA1 Senses Heat and Bird Repellents . doi:10.1093/molbev/msu001 MBE analyzed in mammals, where it was reported to be a noxious cold sensor, although thermal sensitivity of mammalian TRPA1 has been debated Bandell et al. 2004; Jordt et al. 2004; Dhaka et al. 2006; Bandell et al. 2007; Karashima et al. 2009 ). Functional characterization of TRPA1 in nonmammalian vertebrates such as reptiles and amphibians highlights an emerging role for TRPA1 as a heat sensor (Gracheva et al. 2010; Saito et al. 2012) . Because birds are homeothermic animals, similar to mammals, the elucidation of chicken TRPA1 thermal sensitivity provides novel insight into the relationship between a temperature receptor and homeothermy. The present demonstration that chicken TRPA1 is also a heat-sensitive channel strengthens the view that TRPA1 widely serves as a heat receptor in vertebrates and suggests that thermal sensitivity of TRPA1 does not coincide with homeothermy ( fig. 10 ). In a previous study, we showed that TRPA1 and TRPV1 are highly coexpressed in DRG neurons of western clawed frogs similar to mammals ). In the current study, we also showed that functional expression of these two channels considerably overlapped in chicken DRG neurons ( fig. 9 ). These observations further support our hypothesis that, in the ancestral FIG. 7 . Diversity in the activation of vertebrate TRPA1 by MA and the synergistic effect of heat and MA stimulation. Representative current traces for MA-evoked responses in X. laevis oocytes injected with TRPA1 cRNA from human (A), mouse (B), green anole (C), western clawed (WC) frog (D), and chicken (E and F). In the cases of green anole and western clawed frog, the activity of TRPA1 was verified by the substantial currents elicited by CA. In western clawed frog, because currents elicited by MA were much smaller than those elicited by CA, a magnification of the MA-induced currents is shown in the inset in panel (D). (G) The average current amplitudes elicited by different concentrations of MA were compared among five vertebrate species. Each data point represents the mean ± SEM (n = 4 or 5 for human, n = 5 or 6 for mouse, n = 6 for chicken, n = 5 for green anole, n = 5 for western clawed frog). In the cases of chicken and human TRPA1, the MA-induced currents were recorded at room temperature (RT, 25-27 C) (E) and subphysiological temperatures (33-38 C for human and 35-40 C for chicken) (F) and the average current amplitudes were compared (H). Each data point represents the mean ± SEM (human TRPA1 at RT: n = 9 or 10, and subphysiological temperature: n = 10; chicken TRPA1 at RT: n = 10 or 11, and subphysiological temperature: n = 10 or 11). (I) MA (0.1 mM) was repeatedly applied to chicken DRG neurons at RT (S1) and then at subphysiological temperature (S2) and [Ca 2 + ] i at S1 and S2 were quantified (n = 21 from three chickens). The increase in [Ca 2 + ] i in chicken DRG neurons evoked by MA was significantly higher at subphysiological temperature compared with that at RT (P < 0.05).
terrestrial vertebrate, newly emerged TRPV1 became coexpressed with preexisting heat-sensitive TRPA1, and TRPV1 heat sensitivity has subsequently been conserved throughout vertebrate evolution. This influenced the functional evolution of TRPA1 thermal sensitivities, such as the loss of temperature sensitivity in zebrafish and co-option in a novel thermosensory organ (pit) in snakes ( fig. 10) (Prober et al. 2008; Gracheva et al. 2010) . The question remains, what is the physiological significance of having two heat-sensitive channels? Chicken TRPA1 was activated by slight temperature increases above the basal body temperature of chicken (41-42 C; fig. 2E ), while chicken TRPV1 was shown to be . The average current amplitudes of chicken TRPA1 mutants elicited by MA were normalized to that of wild-type TRPA1 (V95G/M99L: n = 4 for mutant, n = 5 for wild type; T345K/S349T: n = 6 for mutant, n = 6 for wild type; V412S: n = 6 for mutant, n = 6 for wild type; R596G: n = 9 for mutant, n = 9 for wild type; T603V: n = 9 for mutant, n = 9 for wild type; P627A: n = 11 for mutant, n = 12 for wild type; R596G/T603V: n = 11 or 12 for mutant, n = 10 for wild type; R596G/P627A: n = 7 for mutant, n = 7 for wild type; T603V/P627A: n = 7 for mutant, n = 7 for wild type; R596G/ T603V /P627A: n = 11 for mutant, n = 13 for wild type; K677A: n = 4 for mutant, n = 5 for wild type; R723K/G730A: n = 7 for mutant, n = 5 for wild type; V743I: n = 6 for mutant, n = 5 for wild type; G749E: n = 5 for mutant, n = 5 for wild type; 747V/G749E: n = 5 for mutant, n = 5 for wild type; E931Q: n = 6 for mutant, n = 9 for wild type). (D) Dose-dependent responses of chicken TRPA1 mutants exhibiting reduced activity to MA when compared with wild type. Each data point represents the mean ± SEM (wild-type chicken TRPA1, n = 13-17; R596G/T603V/P627A, n = 11; R596G/T603V, n = 5-12; P627A, n = 11). The activation of the chicken TRPA1 R596G/T603V/ P627A by MA was significantly lower than that of the wild-type at 4 and 8 mM, *P < 0.05 and **P < 0.01, respectively. Representative current traces evoked by MA and CA applications in X. laevis oocytes expressing wild-type chicken TRPA1 (E) and the chicken TRPA1 R596G/T603V/P627A (F) and comparison of normalized currents for wild-type and mutant channels (G). The current amplitude elicited by the first MA stimulation was normalized to that elicited by subsequent CA stimulation. The normalized current for the chicken TRPA1 R596G/T603V/P627A was significantly smaller than that for wild-type, *P < 0.05 (n = 12 for R596G/T603V, n = 13 for R596G/T603V/P627A, n = 13 for wild-type). All experiments were performed at RT.
Chicken TRPA1 Senses Heat and Bird Repellents . doi:10.1093/molbev/msu001 MBE activated by temperatures higher than 45 C (Jordt and Julius 2002) . Thus, TRPA1 and TRPV1 may perceive different temperature ranges in vivo, although both channels act as heat sensors. In the present study, we used a pharmacological approach to assess the expression pattern of TRPA1 and TRPV1. An immunohistological analysis is necessary to confirm the coexpression of these two channels in the future.
In the present study, we found that MA and other structurally related chemicals are novel TRPA1 agonists (fig. 4) . MA is found in Concord grapes and is thus thought to be a safe natural compound used as a flavoring for foods (Wang and De Luca 2005) . Because MA is also known as a bird repellent, it is used in fields such as on farms and airports to keep birds away (Mason et al. 1992) . A previous study reported that MA activates TG neurons in chicken; however, molecular targets for MA have not been identified (Kirifides et al. 2004) . Here, for the first time, we have identified that TRPA1 is the sole receptor that senses MA in chicken somatosensory neurons (figs. 4 and 6). The EC 50 values of MA in HEK293 cells expressing chicken TRPA1 and chicken DRG neurons were 0.1 and 0.14 mM, respectively, which were considerably lower than the MA concentrations used in the previous behavioral experiments. In a drinking assay using European starlings, birds avoided water containing MA above 0.2% (13.2 mM) (Mason et al. 1989 ). Thus, birds were likely to be exposed to MA concentrations much higher than used in the present study. We further examined whether MA activates TRPA1 in other vertebrates species and found that MA sensitivity varied among five different vertebrate species ( fig. 7A-G) . Mouse TRPA1 was highly activated by MA, which is consistent with previous observations that mice exhibited reduced intake when MA was added to water (Nolte et al. 1993) . Human TRPA1 showed the highest MA sensitivity among the five vertebrate species compared at room temperature, although oral exposure of MA evokes only a slight pungency in humans (Mason et al. 1992) . In the present study, we found that the TRPA1 activation by MA was affected by thermal conditions. Human TRPA1 is not directly activated by heat (Cordero-Morales et al. 2011) , while chicken TRPA1 is a heatsensitive channel ( fig. 2) . Thus, the MA-induced activity in human and chicken TRPA1 was compared at room temperature and subphysiological temperatures ( fig. 7E, F, and H) . Results indicated that activation of chicken TRPA1 by MA increased at subphysiological temperatures, while human TRPA1 did not exhibit synergistic effects, and the MA-induced activation of chicken TRPA1 was even higher than that of human TRPA1 at lower concentrations. In addition, it has recently been reported that the chemical activity of human and rat TRPA1 is suppressed at physiological temperatures when expressed in HEK293 cells (Wang et al. 2012 ). When human TRPA1 was expressed in X. laevis oocytes, the MA-induced activation was also slightly reduced at warm temperatures compared with that at room temperature ( fig. 7H) . Thus, the reason for the weak pungency of MA in humans is possibly explained by the suppression of TRPA1 activity by MA at physiological temperatures. Other unknown mechanisms, such as differences in oral and nasal mucosal properties between humans and rodents/birds, may also affect the sensory perception of MA on an individual level. DMA and 2 0 -AAP, structurally similar to MA and reported to act as repellents for birds and mice (Mason et al. 1989; Nolte et al. 1993) , also activated chicken TRPA1 ( fig. 4D-F) . 2 0 -AAP is excreted from the anal gland of mustelid species that prey on birds and rodents; thus, TRPA1 may have evolved in part for predator avoidance (Zhang et al. 2003) .
To identify the specific amino acids involved in the MAinduced activity of TRPA1, we first screened potential amino acid positions by comparing amino acid substitution patterns in TRPA1 from the five vertebrate species examined in the present study. By utilizing species diversity, we were able to narrow down the candidate amino acids involved in TRPA1 activity by MA ( fig. 8B ), although numerous amino acid substitutions in TRPA1 exist among these five different vertebrate species. We introduced mutations in most of the candidate amino acids in chicken TRPA1 and found that three amino acids (R596, T603, and P627 in chicken TRPA1), that are located close to each other, reduced the TRPA1 activity by MA ( fig. 8C and D) . These amino acids are located around the regions connecting the ankyrin repeat and transmembrane domains, where several cysteine residues involved in electrophile (such as CA and AITC) sensitivity are situated ( fig. 8A) (Hinman et al. 2006; Macpherson et al. 2007) . Notably, P627 is located adjacent to one of the cysteine residues (supplementary fig. S5 , Supplementary Material online). However, these three mutations did not affect the CA-induced activation of TRPA1 ( fig. 8E-G) . Thus, the activation mechanisms for CA and MA are likely to be different. At present, we could not conclude that these amino acids are involved in the binding of MA or indirectly related to the activation of TRPA1. Additional studies, such as structural analyses, will be necessary to understand the activation mechanisms of TRPA1. In the present study, we successfully identified the important amino acid residues, R596, T603, and P627, for activation of chicken TRPA1 by MA; however, reversed mutations in the corresponding residues of western clawed frog and green anole TRPA1 did not increase the MA-induced activation (supplementary fig. S6A and C, Supplementary Material online). Because mutations of R723K, G730A, 747V, and G749E in chicken TRPA1 slightly reduced its activation by MA, we speculated that these residues possess supplemental roles. For western clawed frog TRPA1, we characterized G597R/V604T/A627P/K723R/ A730G or G597R/V604T/A627P/K723R/A730G/V747/E750G mutants; however, MA-induced activation did not increase (supplementary fig. S6B, Supplementary Material online) . These results suggest that additional amino acid residues may also be involved in the activation of TRPA1 by MA.
The species diversity in channel properties has been well utilized for understanding the molecular determinants of specific stimuli (Jordt and Julius 2002; Gavva et al. 2004; Xiao et al. 2008; Nagatomo et al. 2010) . In most studies, however, comparisons of channel properties were performed between only two or three species, thus a large number of candidate amino acid substitutions were found throughout the channels. Chimeric analyses are thus necessary to narrow down the region of interest, before point mutation analysis. Because we compared TRPA1 activity by MA among five diverse vertebrate species, we were able to reduce the number of candidate amino acid substitutions so that we could directly assess them by point mutation analysis. Cloning of the orthologous genes from multiple species became feasible by using the whole-genome sequence data that are available for various organisms. Comparison of functional properties of a particular gene among multiple species will become a useful strategy for structure-function analysis in the future.
In summary, the analysis of chicken TRPA1 revealed that TRPA1 serves as a heat receptor not only in ectotherms such as amphibians and reptiles but also in endotherms. In addition, the bird repellent MA was found to be a novel agonist of TRPA1, and comparative analysis of TRPA1 among diverse vertebrate species revealed diversity of TRPA1 activity by MA. By utilizing this species diversity, important molecular determinants behind TRPA1 activation by MA were identified. The characterization of TRPA1 among diverse vertebrate species has supplied novel information about the functional FIG. 10 . Evolutionary scenario for the nociceptive receptors TRPA1 and TRPV1 during vertebrate evolution. Temperature sensitivities of TRPA1 and TRPV1 in the vertebrate species examined are listed. Note that cold sensitivity of mammalian TRPA1 is uncertain. The channels that have not been examined are indicated with dashes. Zebrafish have only one gene that is similar to terrestrial vertebrate TRPV1 and TRPV2 (indicated as TRPV1/2). Zebrafish TRPV1/2 was reported to serve as a noxious heat receptor (Gau et al. 2013) . Each deduced evolutionary event occurring in the respective branch is indicated. TRPA1 likely possessed noxious chemical and heat sensitivity during early stages of animal evolution and this trait was retained in the ancestral vertebrates. *The timing of the gene duplication event producing TRPV1 and TRPV2 was not clearly resolved by phylogenetic analysis and can be assigned either before or after the divergence of terrestrial vertebrates and teleost fishes (Saito and Shingai 2006; Saito et al. 2011) ; thus, alternative possibilities are indicated by a bracket. TRPA1 and TRPV1 were coexpressed in sensory neurons at latest in the ancestral terrestrial vertebrates.
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Materials and Methods
All procedures involving the care and use of animals were approved by the National Institute for Physiological Sciences (Japan).
Molecular Cloning of Chicken TRPA1 and TRPV1 Genes
The DNA fragment containing the entire coding region of chicken TRPA1 was amplified by RT-PCR with the following oligonucleotide primers: chicken TRPA1-F-KpnI (5 0 -TCATAA GGTACCATGAAGCGCTCTCTGTGGCGGC-3 0 ) and chicken TRPA1-R4
(5 0 -GGATCACAGTTTCGGATGTAGATGTC-3 0 ) using complementary DNA derived from spinal cord from embryonic (ED18) white leghorn chicken (G. gallus domesticus) as a template. The oligonucleotide primers were designed according to the nucleotide sequence of the TRPA1 gene in the chicken genome sequence database. The amplified DNA fragment was cloned into the pOX + vector (for expression in X. laevis oocytes) with KpnI and EcoRV (Dowland et al. 2000) . The TRPA1 DNA fragment was subcloned into the pVenus-NLS (Ohkita et al. 2012) or pcDNA3.1+ (Invitrogen) vector for HEK293 cell expression. The nucleotide sequences of cloned chicken TRPA1 were verified by sequencing at least for one strand for multiple clones. Chicken TRPA1 cDNA sequence data have been deposited in DNA Data Bank of Japan (DDBJ) and GenBank under accession numbers AB811977. TRPA1s from western clawed frog and green anole were cloned in the previous study . Mouse TRPA1 cloned into pcDNA5/FRT was kindly provided by Dr Patapoutian (The Scripps Research Institute) and was subcloned into the pOX + vector . Human TRPA1 was purchased from Funakoshi and subcloned into the pOX + vector.
For cloning chicken TRPV1, the DNA fragment containing the entire coding region of chicken TRPV1 was amplified by RT-PCR with the following oligonucleotide primers: chicken TRPV1-F-KpnI (5 0 -TCATAAGGTACCTGTTCATCATGTCTTC CATTCTTGAG-3 0 ) and chicken TRPA1-R-NotI (5 0 -TCATAA GCGGCCGCTCAGACTGACTTTGGAAGCGATTC-3 0 ) using complementary DNA derived from the trunk of embryonic (ED4) white leghorn chicken as a template. The oligonucleotide primers were designed according to the nucleotide sequence of the TRPV1 gene in the chicken genome sequence database. The amplified DNA fragment was cloned into the pcDNA3.1 + vector (Invitrogen) with KpnI and NotI. The nucleotide sequences of cloned TRPV1 were verified by determining the nucleotide sequences of at least one strand for multiple clones.
Construction of TRPA1 Mutants
Amino acid mutations were introduced into TRPA1 of chicken, green anole, and western clawed frog using a modified QuikChange Site-Directed Mutagenesis Kit (Stratagene). The full-length pOX + vector containing mutated TRPA1 was amplified by PCR using oligonucleotide primers containing intended mutations and transformed into Escherichia coli. The oligonucleotide primers used for the respective mutants are shown in supplementary table S1 (Supplementary Material online). The entire coding sequences, including the desired substitutions in TRPA1 mutants, were confirmed by DNA sequencing for at least one strand. Two-Electrode Voltage-Clamp Method TRPA1 was heterologously expressed in X. laevis oocytes, and ionic currents were recorded using the previously described two-electrode voltage-clamp method (Saito et al. 2011) . Fifty nanoliters of TRPA1 complementary RNA (cRNA) (50 ng/ml) was injected into defolliculated oocytes and ionic currents were recorded 2-6 days postinjection. Water-injected oocytes served as negative controls. Oocytes were voltage-clamped at -60 mV and currents were recorded using an OC-725C amplifier (Warner Instruments) with a 1-kHz low-pass filter and digitized at 5 kHz by Digidata 1440 (Axon Instruments). The current-voltage relationship was obtained using voltageramp pulses from À100 to + 100 mV in 200 ms applied every 1.5 s. All chemical compounds were diluted in ND96 bath solution and applied to oocytes by perfusion. For thermal stimulation, heated or chilled ND96 bath solutions were applied by perfusion. Temperature was monitored with a thermistor located just beside the oocytes using a TC-344B (Warner Instruments). For comparison of the MA-induced activation among vertebrate TRPA1, 50 nl of cRNA (50 ng/ml) was injected into oocytes in the same preparation from one frog, and ionic currents were recorded 4 days postinjection to adjust the expression level. In chicken TRPA1 mutant analysis, 50 nl of cRNA (50 ng/ml) was injected and ionic currents were recorded 4 days postinjection. In the case of the chicken TRPA1 E931Q mutant, ionic current was recorded 5 days postinjection because current amplitudes were relatively small in this preparation. Because expression efficiency of oocytes somewhat varied among the individual frogs used for oocyte preparations, oocytes expressing wild-type chicken TRPA1 were prepared for each experiment and used as a standard to correct for variation.
Ca 2 + -Imaging Experiments
Chicken embryos (ED20-AD1, G. gallus domesticus) were purchased from Japan Layer K.K. (Gifu, Japan), and DRG neurons were obtained following previously published methods with some modification (Kirifides et al. 2004) . In brief, DRGs were isolated and enzymatically digested with collagenase (1 mg/ml, type II, Worthington, OH) and DNase I (1 mg/ml, Roche Molecular Biochemicals), followed by treatment with trypsin (10 mg/ml, Sigma) and DNase I (1 mg/ml). After enzyme digestion, the ganglia were washed and mechanically dissociated in culture medium (Dulbecco's-modified Eagle's medium [DMEM, Sigma] supplemented with 10% fetal bovine serum [Sigma]), penicillin G (100 U/ml), and streptomycin (100 mg/ml). The cell suspension was centrifuged, and the cell pellet was resuspended in culture medium. Aliquots were placed on glass coverslips coated with poly-D-lysine (Sigma) and cultured in a humidified atmosphere of 95% air and 5% CO 2 at 32 C. Cultured DRG neurons were used for experiments within 24 h. For heterologous expression of chicken TRPA1 in HEK293 cells, pVenus-NLS or pcDNA3.1 + vectors containing chicken TRPA1 were transfected into HEK293 cells using Lipofectamine reagent (Invitrogen) according to the supplier's instructions.
The procedure for Ca 2 + imaging was described previously (Ohkita et al. 2012 ). HEK293 cells heterologously expressing TRPA1 or DRG neurons were generally loaded with the Ca 2 + -sensitive fluorescent dye fura-2. For observing [Ca 2 + ] i changes in cells stimulated with MA, fura-2 is not suitable as a Ca 2 + -indicator because fluorescence of MA at 340 nM interferes with that of fura-2. Thus, FuraRed whose excitation wavelengths are 440 and 485 nM were used. To load fura-2 or FuraRed, cells were incubated with 2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES)-buffered solution (134 mM NaCl, 6 mM KCl, 1.2 mM MgCl 2 , 2.5 mM CaCl 2 , 10 mM HEPES [pH 7.4 with NaOH]) containing fura-2 acetoxymethyl ester (fura-2 AM, 10 mM, Invitrogen) or FuraRed acetoxymethyl ester (FuraRed AM, 10 mM, Invitrogen) at 33 C. Dye-loaded cells were transferred into a recording chamber, and chemical or thermal stimulation was applied by perfusing HEPES-buffered solution. All chemical compounds were diluted in HEPES-buffered solution (pH 7.4). For thermal stimulation, heated or chilled HEPES-buffered solutions (pH 7.4) were applied by perfusion. For acid stimulation, HEPES-buffered solution was adjusted to pH 5.0 with HCl. To measure [Ca 2 + ] i , cells were exposed to light at 340 and 380 nm for fura-2. The intensities of fluorescent signals at 500 nm emitted by each excitation light were monitored, and their ratios (F340/F380) were calculated using a fluorescent imaging system (Aqua Cosmos; Hamamatsu Photonics, Japan). FuraRed-loaded cells were illuminated with light at 440 and 490 nm and the fluorescence signals at 590 nm were recorded.
Chemicals
Capsaicin, 2-APB, 2 0 -AAP, and HC-030031 were purchased from Sigma. CA and carvacrol were purchased from Wako. AITC was purchased from Kanto Chemical. Acrolein monomer, MA, DMA, and veratrylamine were purchased from Tokyo Chemical Industry. Capsaicin was dissolved in ethanol or dimethyl sulfoxide as stock solutions (100 mM). Acrolein monomer was dissolved in distilled water as stock solutions at 2 M final concentrations. The remaining chemicals were dissolved in dimethyl sulfoxide as stock solutions (0.1-2 M).
Data Analysis
The activation temperature thresholds for chicken DRG neurons were defined as values in which [Ca 2 + ] i increased by 10 nM from the basal levels during heat stimulation. The data are presented as mean ± SEM (n = number of observations). Statistical significance was tested using student's t-test for comparisons of two groups. A one-way analysis of variance (ANOVA), followed by a Bonferroni multicomparison test was applied for comparisons of three groups. A two-way repeated-measures ANOVA followed by a Bonferroni multicomparison test was applied for comparisons of MA dose and chicken TRPA1 mutant groups. Statistical tests and estimation of the EC 50 were performed using Origin software (OriginLab). An Arrhenius plot was performed using Clampfit 10.2 (Axon Instruments) and Origin software.
Supplementary Material
Supplementary table S1 and figures S1-S7 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
